We obtain restrictions on the universal baryon fraction, f B ≡ Ω B /Ω 0 , by assuming that the observed microlensing events towards the Large Magellanic Cloud are due to baryonic MACHOs in the halo of the Galaxy and by extracting a bound to the total mass of the Milky Way from the motion of tracer galaxies in the Local Group. We find a lower bound f B > 0.31 +0.19 −0.15 . Consistency with the predictions of primordial nucleosynthesis leads to the further constraint on the total mass density, Ω 0 < ∼ 0.3 +0.1 −0.2 .
Introduction
It is a Herculean task to inventory the contents of the Universe (e.g., Fukugita, Hogan, & Peebles 1997) . A more modest goal might be to pin down the baryonic fraction of the total mass, f B (e.g., White et al. 1993 , Steigman & Felten 1995 . If objects can be identified which are likely to provide a "fair" sample of f B , we may avoid the daunting prospect of having to identify all the guises baryons may assume. Large clusters of galaxies offer a very promising site (White et al. 1993; Steigman & Felten 1995; Evrard 1997; Steigman, Hata & Felten 1997) . To test the estimates of the systematic errors in f B derived from X-ray cluster data, it would be of value to measure f B in a completely different system, provided a case could be made that it will provide a "fair" sample. Suppose, for example, we could estimate the baryonic mass associated with the Galaxy. If we could also measure the corresponding "dynamical" mass, we could obtain an independent estimate of f B whose systematic uncertainties (and dependence on the Hubble parameter) differ from those which accompany the X-ray cluster determinations. In this paper we focus on the Local Group of galaxies (LG), using the MACHO mass estimates (Alcock et al. 1997a ) for a lower bound on the baryonic mass and relying on LG dynamics to constrain the total mass estimate.
Microlensing experiments (Alcock et al. 1997a ) suggest that roughly half the mass in the halo of our Galaxy, out to the distance of the Large Magellanic Cloud (LMC), may be in the form of Massive Compact Halo Objects (MACHOs). One can imagine several exotic possibilities for the nature of the MACHOs. They could be very dense clusters of non-baryonic dark matter with special properties that allow them to clump inside their Einstein ring radii (Kolb & Tkachev 1994) , or they could be primordial black holes. Neither of these possibilities is especially well motivated and each has its intrinsic difficulties, but neither can be excluded a priori. Stellar remnants such as old white dwarfs 1 appear to offer a more natural candidate (Alcock et al. 1997a ) which, however, is not without its problems too [e.g., white dwarfs require a rather narrow initial mass function in order to avoid overproducing low-mass stars or supernovae (Adams & Laughlin 1996) ]. Dense and cold baryonic gas clouds have also been considered as a viable alternative 1 Neutron stars and black holes of stellar origin cannot constitute a significant halo fraction in view of the constraints arising from the observed metallicity and helium abundances (Ryu, Olive & Silk 1990) for the observed gravitational microlenses (Henriksen & Widrow 1995; Gerhard & Silk 1996) . Finally, it must be kept in mind that the observed microlensing may be due to objects which are not in the halo of the Galaxy. If the MACHOs are, indeed, stellar remnants (or cold baryonic gas clouds) in the halo of the Galaxy, then the mass of baryons within 50 kpc of the Galactic center is Alcock et al. 1997a) .
The purpose of the present paper is to extract information on the universal baryon fraction from this number assuming the MACHOs are revealing baryonic matter in the Galaxy halo, and from the dynamics of the Local Group of galaxies. The constraint we obtain may be compared to the one derived from X-ray galaxy clusters (see, e.g., Steigman & Felten 1995; Evrard 1997; Steigman, Hata & Felten 1997) , but it relies on different observations in a completely different physical system on a vastly different scale and, interestingly, has a different dependence on the Hubble parameter (H 0 ≡ 100h km s −1 Mpc −1 ).
The value of M B (50 kpc) derived from microlensing experiments is approximately 50% of the total mass of the Galaxy out to this distance. The latter mass, presumably the sum of baryons and cold dark matter, is derived dynamically (see, e.g., Kochanek 1995) . However, on the basis of this we cannot conclude that the primordial baryon fraction is f B ≈ 0.5. Baryons are "strongly" interacting particles, while for the (non-baryonic) cold dark matter all interactions except gravitational can be neglected. Consequently, the density profile of the baryonic matter does not necessarily follow the density profile of the cold dark matter, and baryonic matter may be more (or less) concentrated towards the center of the gravitational well. However, we may be able to estimate the primordial baryon fraction if we take the ratio of baryons (as revealed by the MACHOs) to the total mass on some larger scale, which should be sufficiently large so that the matter inflow or outflow across the boundary of the region is negligible.
The total mass of matter residing in such a larger region can be found dynamically; however, we cannot measure the mass of baryons separately on such larger scales. Although the baryonic halo may be expected to extend outside of the 50 kpc scale (in the form, e.g., of MACHOs, diffuse gas, satellite Galaxies, etc.), by neglecting these extended baryons we can obtain a lower bound on f B . Indeed, while in the past there might have been violent processes of baryon ejection from the Galaxy accompanying, e.g., supernova explosions, analogous ejecta of cold dark matter is not expected. Therefore, by neglecting the unknown ejected component of baryons we will be on the "safe side" in our inequality for f B , which, we emphasize, does rely on our assumption that MACHOs are baryonic matter in the halo of the Galaxy.
For the larger reference scale we can choose the current turnaround radius for the LG. Initially, every shell of the Galaxy's building material expands with the Universe. Gradually, this expansion slows down and eventually a gravitationally bound shell separates from the general expansion. This shell stops expanding and then collapses (Gunn & Gott 1972) . The radius of this first stopping point is the turnaround radius. With the passage of time shells that are more and more distant and less and less bound turn around sequentially, i.e., the turnaround radius propagates outward with time (for details see, e.g., Filmore & Goldreich 1984; Bertschinger 1985; Sikivie, Tkachev & Yun Wang 1995 . There is one shell that is turning around now, at present; the corresponding distance of this shell from the center of mass of the system is the current turnaround radius. Collisionless cold (non-baryonic) dark matter is restricted to remain within this radius, which is just what we want for the larger reference scale. This picture of infall is valid independent of the assumption of spherical symmetry (the turnaround sphere will become a turnaround surface); for the model to be tractable analytically, we do assume spherical infall.
Spherical Infall Model
Let R be the current turnaround radius, M B (R) the mass of all baryons currently inside this radius, and M tot (R) the total mass within R. We are using the ratio M B (R)/M tot (R) = f B to provide a measure of the universal baryon fraction,
. Furthermore, there may be more baryons that were initially associated with the Galaxy than those that are currently within 50 kpc. As a consequence, our estimate provides a lower bound on the universal fraction of baryons:
Actually, in computing this inequality we do not have to use the current turnaround radius. It is equally legitimate, and will provide a tighter constraint, to take any smaller radius that satisfies the following condition: matter which is falling freely and is currently at this radius has not yet had a chance to cross previously collapsed material. In other words the shell is outside the first caustic of the spherical infall model. The position of the first caustic is model dependent, but it has its largest value relative to the turnaround radius if the initial overdensity causing the infall can be considered as a point mass excess. Let us denote the radius of the first caustic as R 1 and the total mass inside of it as M 1 . In the point mass excess case (and for Ω 0 = 1), R 1 = 0.37R and M 1 = 0.7M (R), (Sikivie, Tkachev & Yun Wang 1997) .
Before shell crossing the radius of any given shell obeys the equation of motion
where M is the mass interior to the shell and E is its binding energy; both are constants prior to shell crossing. Solutions can be parameterized as
where A ≡ GM/2E, B ≡ GM/(2E) 3/2 . Small galaxies in the Local Group that are close to the surface of the turnaround sphere can be considered as tracers of the motion of the corresponding shell. If the distances to such galaxies and their radial velocities are known at time t, we can write, according to equations (2):
Using equation (3) we solve for θ which is then used in equation (4) to determine the total mass M interior to the shell on which the tracer galaxy resides. We consider tracer galaxies in three spatial regions separately. First we consider galaxies that are close to the turnaround surface. In this region we explicitly use equations (3) and (4) for each galaxy. In the spherical infall approximation this would give a direct "weighing" of the LG at each radius where a known satellite galaxy resides. While the set of galaxies near the turnaround sphere do fit the spherical infall model very well, there are only a few such galaxies, and one might worry about the statistical significance of this estimate. For this reason we also consider a larger sample which contains more distant galaxies, and we model this sample using the spherical infall model. Galaxies in this larger sample form gravitationally bound groups of their own, and the velocity dispersion in this group is rather large, albeit significantly smaller than would be expected in the standard CDM model. Nevertheless, χ 2 modeling of the infall in this region allows us to determine formal confidence intervals for the current turnaround radius.
Interior to the turnaround surface there are two large galaxies of roughly equal mass: the Milky Way and Andromeda (M31), M31 being somewhat larger. In what follows we adopt, following Peebles (1996) , for the ratio of their masses, M MW = 0.7M A . The derived mass and the turnaround radius of the LG will be a consequence of the gravitational pull of both galaxies. We may assume that those tracer galaxies that are sufficiently far away are infalling to the common center of mass of the Milky Way/M31 system. We do not expect the spherical approximation to be accurate for galaxies that have distances to the center of mass of the LG comparable to their distances from one of the dominant galaxies, and we exclude those galaxies from consideration. Although the spherical infall model may be a good approximation even for those satellites that are closer to one of the dominant galaxies (so that satellite does not "feel" the other heavy galaxy), most such satellites are inside the first caustic of the infall model, where their trajectories are very model dependent. Luckily, there are two satellites that might be just outside the first caustic. We derive the mass interior to these satellite galaxies under the assumption of radial infall to one of the dominant galaxies. As a check on our results derived using the spherical infall model, we will compare them with those derived using the M31 timing argument of Kahn & Woltjer (1959) .
Tracers of infall near the turn-around sphere.
The sample of suitable Local Group tracer galaxies compiled from recent data from Karachentsev & Makarov (1996) is listed in Table I .
Since these tracer galaxies are sufficiently far away we assume they infall to the common center of mass of the Milky Way/M31 system. Direct measurements give only Table 1 : The sample of Local Group galaxies. l and b are galactic coordinates; r g and v g are galactocentric distance (in Mpc) and velocity (in km/s); r (Mpc) and v (km/s) are the distance and velocity with respect to the center of mass of the Milky Way/M31 system.
2.27 -1.06 0.66 -155 0.43 -130 WLM 1.32 -1.28 0.95 -59 0.81 -24 DDO210 0.59 -0.55 1.0 -23 0.99 -8 DDO216 1.65 -0.76 1.75 -21 1.4 39 the radial component of the velocity of a galaxy with respect to the Milky Way. The assumption of infall to the center of mass of the LG allows us to reconstruct the magnitude of the velocity vector, which is also listed in Table I . We plot the total mass interior to the tracer galaxies versus cosmic time in Figure 1 . IC 1613 is probably too close for the spherical infall model to be reliable. In contrast, DDO 216 is outside the turnaround surface and is therefore still expanding with the Universe; for this reason we plot this galaxy with a dashed line in Figure 1 . The best tracer galaxies are WLM and DDO 210. DDO 210 is very close to the turnaround surface but is already inside of it. WLM fell in even earlier, providing an even stronger constraint. If we adopt 10 Gyr as a lower bound for the age of the Universe, we infer (see Fig. 1 ) M (0.8 Mpc) < 2.2 × 10 12 M ⊙ . For the total mass associated with the Milky Way we have to take a fraction, 7/17, of this value, leaving the rest for M31. This gives
As can be seen from Table 1 , DDO 210 is close to the turnaround surface so that R ta ≈ 1 Mpc (see equation 6 below). Then, since the radius of the first caustic R 1 < 0.37 R ta , R 1 < ∼ 0.4 Mpc. Since WLM is outside the first caustic, this estimate (equation 5) provides an upper bound to the mass contained within the first infall caustic. Note that since the MW -M31 distance is larger than twice the radius of the first caustic, there was no mixing between material that infalls to the Milky Way and material that falls into M31.
Since DDO 216 is the galaxy farthest away from the center of mass, (see Table I ), the total mass interior to its orbit should be the largest. However, contrary to this expectation, the dashed line on Figure 1 falls below the solid lines for t > 13 − 16 Gyr. This should not occur in the absence of observational errors, provided that spherical infall is an adequate approximation. If so, we could derive an upper bound to the age of the Universe, t < ∼ 13 − 16 Gyr. Interestingly, this suggestive bound limits the age of the Universe from above, while the more classical method, based on the ages of the oldest stars, provides bounds from below.
Larger sample of galaxies in the local volume.
It is encouraging that the distance -velocity relation for those galaxies listed in Table I can be described by the same infall trajectory, but the statistical significance of only a few galaxies is questionable. For example, in addition to the infall velocity which was accounted for, there may have been a contribution to a galaxy's peculiar velocity due to tidal forces which have been neglected. To address this concern we modeled, using least squares fitting, the infall trajectory for the larger sample of galaxies from Karachentsev & Makarov (1996) . First we included all galaxies that are further away than those listed in Table I , but at distances smaller than 3.3 Mpc from the center of mass of the Milky Way/M31 system. There are 33 galaxies in this sample.
Fig. 2.-Confidence contours in the Hubble parameter (h) -
LG turnaround radius (R ta ) plane. The best fit value for the turnaround radius is indicated by the cross. All galaxies from Karachentsev & Makarov (1996) with distance 0.6 Mpc < r < 3.3 Mpc from the center of mass of the Milky Way/M31 system were included. The solid line shows the ∆χ 2 = 2.3 confidence contour. (The dotted line is the ∆χ 2 = 2.3 confidence contour when all galaxies with distances < 8 Mpc were included.)
The infall trajectory is a line in the {r, v} phase space, v = v(r), which represents occupied cells at a given moment of time. Its functional form follows from equations (2). Two important parameters which characterize the trajectory are the turnaround radius, R, and the slope of v(r) at r ≫ R, which is the Hubble constant, h. When these two fitting parameters are fixed, infall trajectories that correspond to different cosmological models differ insignificantly outside of the first caustic. The best fit values for R and h are shown in Figure 2 by the cross, and the ∆χ 2 = 2.3 confidence contour is shown by the solid line. Formally, we find the one-dimensional confidence interval, ∆χ 2 = 1.0, for the likelihood of the turnaround radius:
R ta = 0.97 +0.14 −0.16 Mpc.
This median value for the turnaround radius agrees very well with the data in Table I . Furthermore, despite the possibility that many galaxies in the sample may be forming gravitationally bound groups of their own, which would induce additional peculiar velocities, the velocity dispersion turns out to be small, σ v = 67 km s −1 . This value, which is significantly smaller than what might be expected in standard CDM (Ω 0 = 1), σ v ∼ 500 km s −1 (Gelb & Bertschinger 1994) , may be a signature of low density (Ω 0 < 1). This local sample provides a good probe of R ta but, being local, a poor probe of H 0 . To explore constraints on the latter, we need a more distant sample.
When we increased the sample of galaxies further to include all distant galaxies from Karachentsev & Makarov (1996) , 83 galaxies overall, the standard error for h decreased, resulting in h = 0.67 ± 0.04, but the relative error for R increased, as expected, since now infall cannot be distinguished from pure Hubble flow. The corresponding ∆χ 2 = 2.3 interval is shown by the dotted line in Figure 2 .
Using equations (2) we can relate the mass inside the turnaround sphere to the turnaround radius as
where R is in Mpc and t 10 = t/10 Gyr. Comparing this with equation (6), we find M ta = 2.7 +1.1 −1.2 t −2 10 10 12 M ⊙ . Taking 7/17 of this value to be the Milky Way fraction, we find M ta (M W ) = 1.1 +0.4 −0.5 t −2 10 10 12 M ⊙ . The mass that is just outside of the first caustic should be even smaller (to find this latter mass in the ǫ = 1, Ω 0 = 1 model, these numbers should be multiplied by 0.7). Since the bound in equation (5) is consistent with the results of this subsection, we adopt M 1 (M W ) = 0.77 +0.31 −0.36 t −2 10 × 10 12 M ⊙ . (8)
Infall to one of the dominant galaxies
As a check on our estimate above we consider two satellite dwarf galaxies that are closer to one of the dominant galaxies than to the common center of mass, and which lie in the hemisphere opposite the other dominant galaxy. At the same time they are sufficiently far away to be outside the first caustic. The approximation of direct infall to the closest dominant galaxy might be reasonable for these dwarfs which are listed in Table 2 .
We assume that Phoenix infalls to the Milky Way and that IC10 infalls to M31. The mass interior to those satellite galaxies, derived under this assumption is shown in Figure 3 . Although the mass is smaller than the median mass derived in the previous subsection, it is within the 1σ interval. Taking into account the simplicity of the model, distance estimate errors, and the fact that the dwarfs' motions can be influenced by the other dominant galaxies, this is rather good agreement. (3) and (4) are valid not only for the case of spherical infall, but they also can be used to describe the motion of two point particles which interact only gravitationally. In this latter case M is the total mass of the binary system and r the separation between the two particles. This leads to the classical "timing argument" of Kahn & Woltjer (1959) which can be applied to the motion of the Milky Way/M31 system. M31 timing in this simple form is used widely to constrain the mass of the Galaxy and it results in a higher value than that derived above. Each approach has its assets and its liabilities. The simple spherical infall model using the motion of the outermost LG satellites neglects tidal forces and asphericity (the latter effect should be small at distances close to the turnaround radius, as N-body simulations show (Tkachev & Colombi, unpublished) ). On the other hand, "M31 timing" assumes that both galaxies are point masses moving through an unperturbed cosmological background, while in reality galaxies have large and growing halos and will interact as finite size objects. In addition, M31 timing is subject to tidal forces, and the present trajectories of the Milky Way and M31 may have been perturbed by many past mergers of smaller galaxies.
The accuracy of the timing argument with respect to the neglect of finite size effects can be tested using the results presented by Peebles et al. (1989) , where LG formation was modeled using N-body simulations. The results of Peebles et al. (1989) can be considered as a generalization of M31 timing which accounts for the finite sizes and for the finite perturbations of the cosmological background. Results were presented there for two values of the present age, t = 7.8 Gyr and t = 13.8 Gyr. For t = 7.8 Gyr, the mass of the Milky Way/M31 system derived from the timing argument was 7.6 × 10 12 M ⊙ , while the LG mass inside the turnaround surface measured in the N-body experiment was 4.9 × 10 12 M ⊙ . For t = 13.8 Gyr, the timing argument gives 4.6 × 10 12 M ⊙ , while the mass inside the turnaround surface was found to be 3.5 × 10 12 M ⊙ in the N-body simulation. The agreement is not very good, with M31 timing overestimating the mass inside the turnaround surface.
If Figure 1 is extended to include t = 7.8 Gyr, we find 4.9 × 10 12 M ⊙ for the mass interior to DDO 210, whose position is close to the turnaround sphere. This is in excellent agreement with the value inferred from the numerical experiment of Peebles et al. (1989) where it was concluded that t = 7.8 Gyr gave the best fit for the motion of the outlying dwarfs; the model with t = 13.8 Gyr was actually presented only for comparison. However, t = 7.8 Gyr seems an unacceptably small value for the age of the Universe. The calculations of Peebles et al. (1989) were restricted to an Ω 0 = 1 universe; we are unaware of analogous results for an open universe. For these reasons we prefer to not adopt the M31 timing result for our basic estimate. We will restrict ourselves to the predictions of the spherical infall model, equation (8), which are valid irrespective of the value of Ω 0 . Note, however, that if we were to adopt the M31 timing prediction of 3.5 × 10 12 M ⊙ for the turnaround mass of the LG at the reasonable age of t = 13.8 Gyr, we would find for the Milky Way fraction, 1.4 × 10 12 M ⊙ . The corresponding mass interior to the first caustic would be 1.0 × 10 12 M ⊙ .
Primordial baryon fraction and Ω 0
Using equation (8) along with the MACHO results and the standard formulae for the propagation of errors we obtain a lower bound for the universal primordial baryon fraction f B > ∼ M B (50 kpc)/M MW = 0.31 +0.19 −0.15 t 2 10 . This can be rewritten as
Introducing the baryon-to-photon ratio η = n B /n γ so that Ω B = η 10 /273, we may rewrite this equation to infer an upper bound on the total matter density, Ω 0 h 2 t 2 10 < ∼ 3.66 × 10 −3 η 10 /f B , where η 10 ≡ η/10 −10 . Using t 0 H 0 = 1 0 1 − Ω 0 + Ω 0 x −1 −1/2 dx and H −1 0 = 9.78h −1 Gyr, we find Ω 0 (H 0 t 0 ) 2 < ∼ 0.018 +0.008 −0.011 η 10 .
The left-hand side of equation (10) is plotted versus Ω 0 in Figure 4 . -Ω 0 (H 0 t 0 ) 2 versus Ω 0 (solid curve) along with our [equation (10)] bound for η 10 < 9.0.
Using SBBN to bound the right-hand side, we may adopt for an extreme upper bound to the nucleon-tophoton ratio the constraint from the lithium abundance (Pinsonneault et al. 1997 ), η 10 < 9.0. We thus find Ω 0 < ∼ 0.26 +0.13 −0.20 ; see Figure 4 . However, note that if we had chosen instead the Burles & Tytler (1997) deuteriumdriven estimate of η 10 = 5.1 ± 0.3, we would find an even lower upper bound to Ω 0 . This preference for a low value of Ω 0 was already noted in Peebles et al. (1989) and Peebles (1995 Peebles ( , 1996 based on the motions of the LG galaxies, and is consistent with recent observations on larger scales (see e.g. Bahcall et al. 1995; Kashlinsky 1998; Steigman, Hata & Felten 1997; Willick et al. 1997; Perlmutter et al. 1998) .
It is interesting to compare our constraint on the universal baryon fraction, f B > ∼ 0.16t 2 10 , with the baryon fraction derived from X-ray clusters, f B h 3/2 = (1.0 ± 0.1)(1 + h 3/2 /5.5)/15 (Steigman, Hata & Felten 1997; Evrard 1997) . Both constraints are shown in Figure 5 .
Although there is reasonable agreement for t 0 = 10 Gyr, larger ages hint of a discrepancy. This disagreement may point towards more dark baryons in clusters (e.g., intergalactic MACHOs (Gould 1995) ) than is revealed by the X-rays, or fewer LG baryons (non-baryonic halo dark matter). The baryon fraction derived from X-ray clusters is the crosshatched region. The dashed line is our LG constraint, f B > 0.16 (for t 0 > 10 Gyr).
Conclusions
There remain several uncertainties in our LG baryon fraction estimate. One possibility which would weaken or even eliminate our constraint is if some of the MACHO events towards the LMC are due to an intervening satel-lite galaxy between us and the LMC, or due to debris in the LMC tidal tail (Zhao 1996; Zhao 1997) . However, the MACHO collaboration concluded (Alcock et al. 1997b ) that were the lenses in a foreground galaxy, it must be a particularly dark galaxy; see also (Gould 1998) . Moreover, the first observation of a microlensing event in the direction of the Small Magellanic Cloud (SMC) (Alcock et al. 1997c) , implies an optical depth in this direction roughly equal to that in the direction of the LMC. This makes it unlikely that a dwarf galaxy or a stellar stream between us and the LMC is responsible simultaneously for the observed microlensing towards the LMC and the SMC (Alcock et al. 1997b; Gould 1998) . Recently, however, Gates et al. (1997) found Galactic models which explain the current microlensing data by a dark extension of the thick disk, reducing the MACHO fraction. It is to be anticipated that as more microlensing data are accumulated, these uncertainties will be resolved.
We note that even in the absence of baryonic MA-CHOs there is still a limit, albeit much weaker, to f B from LG dynamics. The mass of baryons in the disk of the Galaxy provides a lower bound to M B which is smaller by a factor of ∼ 3 than the microlensing estimate we have used (Fukugita, Hogan, & Peebles 1997) .
Our lower bound to f B would be reduced by this factor while our upper bound to Ω 0 would be increased by the same factor.
In summary, if the observed microlensing events are the result of baryonic MACHOs in the Galaxy halo, then the dynamics of the LG may be used to infer a lower bound to the universal baryonic mass fraction: f B > 0.31 +0.19 −0.15 t 2 10 . If primordial nucleosynthesis is used to provide an upper bound to the present baryonic density, we obtain an upper bound to the present total mass density: Ω 0 < ∼ 0.26 +0.13 −0.20 .
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